Summary Levels of the stress-sensitive hormone cortisol increase dramatically in the first 30-40 min after waking, an effect known as the cortisol awakening response (CAR). There is considerable cross-sectional evidence that psychosocial stress is associated with an increased CAR, and the CAR has been found to be altered in the presence of stress-related diseases, including major depressive disorder (MDD). To date, no prospective longitudinal studies have examined whether individual differences in the CAR serve as a premorbid risk factor for MDD. In a sample of 230 late adolescents, clinical diagnoses of MDD were predicted from the CAR as well as other indicators of basal cortisol functioning gathered 1 year earlier, including: waking cortisol levels, bedtime cortisol levels, the size of the CAR, average cortisol, and the slope of the diurnal cortisol rhythm across the waking day. Age and gender, health and health behaviors, baseline neuroticism, exposure to stressful life events and past episodes of mood and anxiety disorders were included as covariates, to help ensure effects are attributable to the CAR rather than related variables. A higher baseline CAR was associated with a significantly increased risk of developing MDD by follow-up, even when excluding individuals with baseline MDD. No other baseline cortisol measures were significant prospective predictors of MDD. In summary, the CAR is a significant prospective risk factor for the development of MDD in young adults, providing some support for the possibility that a heightened CAR may play a role in the etiology of major depressive disorder. # 2009 Elsevier Ltd. All rights reserved.
depressive disorder (MDD) (Ehlert et al., 2001; Gold and Chrousos, 2002; Holsboer, 2000) . Robust cross-sectional associations have been found between the presence of MDD and a variety of alterations of the HPA axis, including elevated cortisol levels, elevated corticotropin releasing hormone (CRH), and impaired negative feedback control of the HPA (Chrousos and Gold, 1992; Ehlert et al., 2001; Thase et al., 2002) . It is not yet clearly established in human populations whether such alterations are correlates or consequences of the experience of depressive disorder and/or its treatments, or whether they reflect risk or vulnerability factors that are present prior to the onset of disorder, thus potentially playing a role in the pathophysiology of MDD (Bhagwagar and Cowen, 2007) . In support of the latter hypothesis, HPA axis alterations have been found among young people without a history of MDD but who are at risk for MDD due to having a biological parent with a history of disorder (Mannie et al., 2007) . The gold standard approach to identifying a risk factor, however, involves measuring HPA axis characteristics prior to the onset of MDD, and then following the same individuals longitudinally to identify whether, and which types of HPA axis alterations are associated with higher rates of the development of MDD over the intervening time period.
The few existing studies taking this prospective longitudinal approach have converged upon similar findings. Although elevated cortisol levels across the full day and especially during the evening hours, are the most frequent cross-sectional correlates of MDD (Angold, 2003; Dahl et al., 1991) , it is elevated morning cortisol that is prospectively predictive of depression (Goodyer et al., 2000; Halligan et al., 2007; Harris et al., 2000) .
Cortisol diurnal rhythms vary according to individual sleep-wake schedules, being high upon waking, increasing to peak levels approximately 30-40 min after waking, and declining to a nadir around bedtime (Kirschbaum and Helhammer, 2000; Pruessner et al., 1997; Wilhelm et al., 2007) . The increase after waking, or cortisol awakening response (CAR), has become the target of considerable interest over the past 10 years for a number of reasons. First, CAR increases are large (on average 50-60% above waking levels) and highly variable across individuals; as a result, individual differences in the size of this indicator can be easily detected and modeled statistically, and are of a magnitude that is likely to be physiologically meaningful Clow et al., 2004) . The substantial CAR increases occur on top of already elevated wake-up cortisol levels, and hence have the potential to have strong impacts on the relatively low affinity central glucocorticoid receptor systems that have been implicated in the development of MDD (Holsboer, 2000; van Rossum et al., 2006) . Second, there is evidence of both genetic and psychosocial contributions to the size of the CAR (Schulz et al., 1998; Wüst et al., 2000) , making it a candidate mechanism for both genetic and environmental pathways to the development of depression. In particular, a larger CAR has been associated with higher levels of both acute and chronic life stress Schlotz et al., 2004) . It has been theorized that CAR increases are designed, in the short term, to help people meet the anticipated demands of their upcoming day, but that too large, too small, or frequently or chronically elevated CARs may be detrimental to health and functioning over the longer term . Because all of the past prospective studies examined morning cortisol levels at fixed clock times (8 AM), rather than in relation to person-specific wake-times (Halligan et al., 2007) , they were not in a position to identify whether the size of the cortisol awakening response serves as a risk factor for MDD. As a result, there are no existing prospective longitudinal studies examining whether an elevated CAR is associated with increased risk for future MDD. Studies examining cross-sectional associations between the CAR and depression have found mixed results: some have found significantly lower CARs in individuals with current MDD diagnoses (Huber et al., 2006; Stetler and Miller, 2005) , whereas others have found current MDD or high depressive symptoms to be associated with higher CARs (Bhagwagar et al., 2005; Pruessner et al., 2003) . As noted earlier, however, how the HPA axis looks in the presence of current MDD disorder, and the premorbid individual differences in the HPA axis that are predictive of the later onset of MDD may not be the same, especially if changes in the HPA axis occur with the development of, or in response to the experience of MDD. Indeed, theorists of the role of the HPA axis in the development of depression argue that depressive symptoms emerge by way of HPA axis changes (Ehlert et al., 2001 ) in response to extreme or chronic stress exposure. Thus, to identify HPA axis risk factors for MDD, it is important to assess which aspects of premorbid (pre-change) HPA axis function are associated with the later emergence of MDD.
In the current study, using prospective data from a large sample of older adolescents (aged 16-18 years), we examined whether baseline differences in CARs were predictive of new onsets of MDD over the subsequent year. The possible effects of baseline and past episodes of MDD were accounted for in our analyses, and a wide variety of health and lifestyle covariates known to influence cortisol and MDD were examined. We also compared the predictive value of the CAR with several other indicators of basal HPA axis functioning, examined whether the predictive value of the CAR varied by gender, and conducted a number of robustness tests, such as examining whether our results varied when we excluded rather than covaried individuals with baseline MDD, and predicting to a larger outcome group including individuals with subclinical MDD symptoms. Given that several known risk factors for MDD including high levels of life stress, sadness, and loneliness are associated with elevated, rather than blunted CARs Chida and Steptoe, 2009; Clow et al., 2004; Schulz et al., 1998) , we hypothesized that youth with higher baseline CARs would be at increased risk of developing MDD by follow-up.
Methods

Participants
Older adolescents (average age 17.0 years) from two diverse public high schools in suburban Chicago and Los Angeles were selected for a longitudinal study of risk factors for the development of emotional disorders (Youth Emotion Project). In each school, all high school Juniors were asked to complete a screening questionnaire, in which basic demographic characteristics, and levels of neuroticism were assessed, using the Neuroticism Scale of the Revised Eysenck Personality Questionnaire, or EPQ-R (Eysenck et al., 1985) . To increase the proportion of participants at risk for MDD, adolescents high on neuroticism (a personality trait involving a tendency to experience negative affective states such as anxiety, anger and sadness, and a known prospective risk factor for depression) (Costa et al., 2001; Kendler et al., 2004) were oversampled, such that 60% of the resulting sample scored in the top third of the neuroticism distribution. The full study sample involved 627 individuals selected based on the screener. The current analyses focus on a subsample that was randomly selected from the larger group and asked to provide diary and cortisol data. Individuals were excluded from the current analytic subsample if they: used of corticosteroid-based medications, had psychotic symptoms, provided insufficient cortisol data, or had more than 3 months delay between baseline psychopathology and cortisol measurements. This resulted in 230 participants (173 females, 57 males; 48% Caucasian, 10% African-American, 19% Hispanic, 5% Asian/Pacific Islander, 18% multiracial/ other). The greater predominance of females over males in this sample is accounted for by the fact that individuals with high levels of neuroticism were oversampled, and females are, on average, higher on this personality trait (Costa et al., 2001; Lynn and Martin, 1997) . In addition, females were disproportionately likely to agree to participate in the study if invited.
Procedure
The current analyses used three assessments: baseline questionnaires/interviews, a cortisol assessment (within 3 months after baseline, average = 39 days) and follow-up interviews (approximately 1 year after the cortisol assessment, average = 368 days). The cortisol assessment was lagged slightly after the baseline questionnaire and interview assessment because it was believed that participant burden would be too high if all of these assessments were conducted simultaneously.
Baseline questionnaires and interviews
Demographic data. Basic demographic data obtained at the screening phase for the study and included age, gender, and race/ethnicity.
Diagnostic assessment. The Structured Clinical Interview for DSM-IV (SCID) (First et al., 2002) was used to determine current and lifetime psychiatric diagnoses of major depressive disorder (MDD). Both initial onsets (single episodes) and recurrent major depressive episodes are referred to here as MDD. Other unipolar mood disorders (dysthymia, minor depressive disorder) and anxiety disorders were also assessed. Anxiety disorders assessed included social phobia, generalized anxiety disorder, panic disorder, posttraumatic stress disorder, specific phobia, obsessive compulsive disorder, and anxiety disorder NOS (not otherwise specified).
Diagnostic status for clinical MDD required meeting DSM-IV symptom criteria for a Major Depressive Episode (MDE) with no history of manic, hypomanic or mixed episodes. Each diagnosis was assigned a Clinical Severity Rating (CSR) from 0 (no impairment/distress) to 8 (severe impairment/distress) (DiNardo and Barlow, 1988) . Only cases with a CSR of four or greater were included in the primary analyses because this score corresponded to clinically significant distress or impairment (caseness). Secondary analyses also examined the same question predicting to a larger outcome group that also included subclinical cases, who either: (a) met full symptom criteria for MDD but were not judged to have clinically significant levels of distress or impairment (i.e., they had a CSR of 1-3) or (b) had significant levels of distress or impairment but did not have sufficient symptom number, or symptom duration (2 weeks) to qualify for a DSM-IV diagnosis of MDD. For 69 cases, a second interviewer observed the SCID and provided independent diagnoses, with Cohen's kappas of .72 and .94 for mood and anxiety disorders, and correlations between .74 and .97 for CSR severity ratings (Zinbarg et al., In press) .
Life stress. Chronic and episodic stresses experienced over the past year were assessed using the Life Stress Interview (Hammen et al., 1987; Hammen, 1991) . For chronic stress, participants' reports of typical stress in 10 domains (including close friendships, social group relations, romantic relationships, relations with family members, academic, neighborhood conditions, job, finances, health of self, and health of family members) over the past year were rated by interviewers on a 5-point scale. The average score across all domains was calculated. For episodic stress, the severity of each specific stressful event occurring over the past year was rated on a 5-point scale by a team of independent coders. For events that were at least mild to moderately stressful (2.5 or higher), the average severity was multiplied by the total number of events to provide an average episodic stress score. Inter-rater reliability (intraclass correlations examining absolute agreement) was .88 for chronic stress and .79 for episodic stress. Chronic and episodic stress measures were standardized and average together to provide an aggregate indicator of the combined chronic and episodic life stress encountered over the past year.
Neuroticism. Trait neuroticism (N) was assessed using four personality questionnaires, each measuring N or one of its facets: The Revised Eysenck Personality Questionnaire (N Scale) (Eysenck et al., 1985) ; the International Personality Item Pool-NEO-PI-R (Goldberg, 1992) ; the Behavioral Inhibition Scale (Carver and White, 1994) and Big Five Mini-Markers N scale (Saucier, 1994) . Measures were standardized and averaged to form a N composite, with a Cronbach's alpha of .85 (Griffith et al., 2007; Zinbarg et al., In press ).
Cortisol assessment
Salivary cortisol was gathered six times per day over 3 consecutive typical weekdays during the school year: at wake-up, 40 min after waking, at approximately 3, 8, and 12 h post-awakening (signaled by a programmed watch), and bedtime. Cortisol was gathered by passive drool: participants expressed their saliva through a small straw into a polypropylene tube, and labeled tubes with the time and date. Participants were instructed not to eat or drink or brush their teeth in the 1/2-hour before sampling. Samples were returned by mail or to a frequently checked drop-box at participants' schools, refrigerated at À20 8C, then sent by courier to Trier, Germany to be assayed for cortisol. Cortisol levels are stable at room temperature for several weeks and are unaffected by the conditions associated with a postal journey (Clements and Parker, 1998) . Assays were conducted in duplicate using a time-resolved immunoassay with fluorometric detection (DELFIA) (Dressendorfer et al., 1992) . Intraassay coefficients of variation (CVs) were between 4.0% and 6.7%, and inter-assay CVs ranged from 7.1% to 9.0%. Due to a strong positive skew, a natural logarithmic transformation was performed on cortisol values prior to their use in analysis.
Measures of basal cortisol activity included: wake-up, wake-up plus 40 min values, and bedtime values, size of the CAR (wake-up plus 40 min minus wake-up cortisol level), slope of the diurnal cortisol rhythm from wake-up to bedtime (bedtime minus wake-up level divided by total time awake), and average cortisol (calculated by taking the area under the curve (AUC) defined by all cortisol data points across the day, divided by the total time awake). Each measure was averaged across the 3 collection days. It is important to note that this study was originally designed to examine multiple elements of the cortisol diurnal rhythm across the day, in addition to the CAR. As a result, in order to reduce participant burden, the protocol for the CAR is less intensive, and thus less precise, than the original CAR protocol, in which cortisol levels were obtained every 10-15 min after awakening (Pruessner et al., 1997) .
Momentary mood reports. Just before completing each saliva sample, participants completed a short (5 min) diary report regarding their location, activities, and 0-3 point ratings of 20 current mood states. Mood state data were factor analyzed using principal axis factoring with an oblimin rotation of the mood state items averaged across moments for each person.
Factor analyses revealed two distinct negative mood state factors of potential relevance to cortisol and to prospective risk for depression: negative affect (nervous, lonely, frustrated, worried, irritable, stressed, sad; a = .91) and fatigue (sleepy, tired; a = .95).
Health variables. Health variables known to be associated with cortisol or MDD were measured by questionnaire, including: presence of chronic health conditions such as asthma or allergies, medication use (including use of oral contraceptives and use of psychotropic medications), typical hours of sleep, time of waking on the cortisol testing days, and nicotine use Kirschbaum et al., 1999; Kudielka and Kirschbaum, 2003) . Note that because all adolescents were post-pubertal (age range of 16-18 years) by the time of cortisol testing, measures of pubertal status were not included.
Follow-up interview
SCID and Life Stress Interviews were repeated 1 year (on average 368 days) after the cortisol assessment (1.1 years after baseline). Procedures were identical to baseline except that disorders were assessed only for the time period since the last interview. Clinical MDD diagnoses were assigned when one or more new major depressive episodes had occurred in the time period since the baseline interview, with sufficient impairment (CSR 4 or greater) in the absence of past or current manic symptoms. Cases that came close to, but failed to meet MDD symptom or severity requirements were categorized as ''subclinical'' for MDD according to the criteria described earlier. To measure life stress across the full study period, baseline levels of life stress as well as changes in life stress from baseline to follow-up were calculated.
Analysis plan
The primary analysis involved a logistic regression, with the baseline cortisol measures entered together as predictors of a dummy variable reflecting the occurrence of one or more clinical episodes of MDD since the baseline interview. A comprehensive set of covariates was also included to ensure that associations between cortisol and later MDD were attributable to baseline cortisol, rather than to other risk factors for MDD or health confounds that may be related to cortisol. The full set of covariates included: (a) baseline mental health status and history (ever having had a diagnosis of MDD, another mood disorder, or an anxiety disorder at the time of the baseline interview); (b) baseline levels and changes in life stress from baseline to follow-up; (c) baseline neuroticism and negative mood states on the days of cortisol testing and (d) age, gender and health-related covariates. Healthrelated covariates included in the final models were use of psychotropic medication, presence of asthma, nicotine use, average hours of sleep, and time of waking on the cortisol testing days. Some covariates, such as nicotine use and time of waking, were included the model regardless of their level of statistical significance in predicting MDD, as they have been found in past research to have strong associations with diurnal cortisol patterns. Several other health and demographic variables were examined but not included in the final model in order to preserve degrees of freedom, and because they were unrelated to MDD onset over the follow-up period. These included oral contraceptive use and race/ethnicity indicators.
In a secondary analysis, individuals with current MDD at baseline were excluded rather than covaried in order to ensure that cortisol levels were predicting to new episodes of MDD, rather than the continuity of MDD from baseline to follow-up. Finally, to increase the sample size of the group considered ''depressed'' in the follow-up period, and to see whether our results held for less severe cases, we examined a larger outcome group including both the clinical MDD cases and the subclinical cases who, as described above, came close but did not quite meet either the symptom or severity criteria needed to qualify for MDD.
Results
Descriptive data
Of the 230 participants, 56 (24%) were diagnosed with either past or current MDD at the time of the baseline assessment (16 youth or 7% were current); 41 (18%) were diagnosed with a past or current anxiety disorder, and 25 (11%) with another mood disorder. By follow-up, 18 (8%) youth met the symptom and severity criteria for a clinical MDD diagnosis over the intervening time period (9 first onsets, 9 recurrences; 16 out of 18 were females), and an additional 20 (12 females, 8 males) met subclinical criteria, for a total of 38 individuals (28 females, 10 males) meeting criteria for either a clinical or a subclinical episode over the follow-up period. Due to our purposeful oversampling of youth high on neuroticism, MDD rates in this sample are higher than those typically observed in same-aged adolescent samples (Costello et al., 2003) . Table 1 presents descriptive statistics for baseline cortisol indicators and demographic, health, life stress and other covariates included in the models. Cortisol values in Table 1 reflect raw values for greater ease of interpretation (in nmol/L; to convert to mg/dL units, divide by 27.59), but a natural logarithmic transformation of these cortisol values was used in all analyses. On average, cortisol values followed the typical daily pattern: they were high upon waking (11.99 nmol/L), increased sharply immediately after waking (to 16.82 nmol/L at 40 min post-awakening), and then declined rapidly at first, and then more slowly thereafter, to reach a nadir at bedtime (2.85 nmol/L). There was, however, substantial variability in cortisol values at each sampling point, and in the parameters (average cortisol, diurnal cortisol slope, CAR) used to describe baseline diurnal cortisol patterns. Table 2 presents the results of the logistic regression analyses in which the development of a clinical episode of MDD over the follow-up period is predicted from the baseline cortisol parameters (CAR, diurnal cortisol slope and average cortisol), while covarying the effects of baseline and past diagnoses of MDD and other mood and anxiety disorders, and the set of health covariates. Interactions between the cortisol parameters and gender are also included, in order to examine gender differences in the associations between the baseline cortisol parameters and later MDD. All variables listed in Table 2 are entered simultaneously, such that the coefficients reflect the effects of each variable independent of each other variable in the model. As seen in Table 2 , net of the other variables in the model, both baseline levels of life stress (OR = 4.0, p = .04), and increases in life stress from baseline to follow-up (OR = 16.7, p = .001) were significantly related to the development of MDD over follow-up. Adolescent age (OR = 3.8, p = .03), the presence of asthma at baseline (OR = 12.9, p = .02), and diary reports of fatigue (OR = 2.7, p = .04) at the time of cortisol testing were also significantly related to later MDD. Of the other covariates, there was a non-significant trend for male gender to predict reduced odds (OR = .02, p = .09) of developing MDD over the follow-up. There was also a trend for youth with a later average time of waking (6:50 AM for those who develop MDD by follow-up; 6:44 AM for those who do not) to have an increased odds (OR = 4.95, p = .06) of developing MDD. Not surprisingly, individuals with either past or baseline episodes of MDD were significantly more likely to have another episode by follow-up (OR = 6.9, p = .04).
Prospective prediction of MDD
Beyond these effects, the size of the CAR significantly predicted later MDD, with a higher CAR associated with increased odds of having an episode of MDD over the follow-up period (OR = 3.0, p = .04). An examination of the gender interaction indicated that the association between the CAR and later MDD was significantly weaker for men than for women (OR = .02, p = .04). However, given that only two men developed clinical MDD over the follow-up period, this finding should be interpreted with caution, particularly in light of additional analyses (below) that do not show gender differences in the CAR-MDD association. Steeper diurnal cortisol slopes, and average cortisol across the day, were not significantly related to later MDD, nor were gender differences in the effects of these measures observed. Due to multicolinearity between cortisol levels at specific time points (wake-up values, wake-up plus 40 min values, and bedtime values) and the summary measures of the diurnal cortisol rhythm (CAR, average cortisol, and diurnal cortisol slope) calculated from them, the measures for wakeup, wake-up plus 40 min, and bedtime cortisol levels were entered together in a separate model without the CAR, average cortisol and slope measures, but containing an identical set of covariates. None of these variables (wake-up, wake-up plus 40 min, and bedtime cortisol levels) were significant predictors of the development of MDD over the follow-up period (OR = .93, p = .85; OR = 1.3, p = .59; and OR = .49, p = .10 for wake-up, wake-up plus 40 min and bedtime cortisol levels, respectively).
Prediction of clinical MDD excluding baseline clinical MDD
There were no significant associations between either past or current MDD diagnoses and the size of the CAR at baseline [t(228) = À.62, p = .54 for past history of MDD; t(228) = À.26, p = .79 for current MDD at baseline]. In a robustness test designed to further ensure that the individuals with baseline MDD were not influencing the results, the 16 individuals with current MDD at the time of the baseline assessment were excluded from the model, leaving a total sample size of 214, 15 of whom developed MDD. In this analysis, the size of the CAR at baseline was still strongly predictive of developing MDD over the follow-up period (OR = 4.0, p = .05). It is important to note that the ideal analysis would involve removing all the individuals who had any past history of MDD from the analysis, and thus predicting only to first onsets of clinical MDD. This approach is not possible due to the relatively small number of new onset clinical MDD cases occurring over the follow-up period (9 cases). Nonetheless, descriptive analyses are offered below that differentiate between recurrent episodes and first onsets of clinical MDD. Fig. 1 depicts the baseline diurnal cortisol patterns of participants without MDD at baseline who do (hatched line) and do not (solid line) go on to develop MDD over the followup period. As suggested by our analyses, a larger baseline CAR appears to be the major characteristic distinguishing the cortisol profiles of these two groups. Although we do not have sufficient MDD cases at follow-up to examine separate statistical models for first onsets of MDD versus recurrences, a visual inspection of Fig. 2 suggests that both the new onset cases (dark hatched line) and the recurrent cases (light hatched line) are characterized by the high baseline CAR Note: Continuous variables were standardized (mean = 0, SD = 1) to make it easier to compare effect sizes across variables. Dichotomous variables are left in their original form (0 = no, 1 = yes). a Additional covariates included baseline neuroticism, psychotropic medication use, presence of asthma, nicotine use, average hours of sleep, and time of waking on the cortisol testing days.
pattern. An additional peak in cortisol values seems to be present at approximately 12 h post-awakening in the soon-tobe-recurrent MDD group. This pattern requires replication and statistical confirmation in a larger group of recurrent cases; if replicated, further research should also examine whether this afternoon peak reflects post-prandial increases, or responses to stress experiences during the afternoon and evening hours.
Prediction to a larger outcome group including both clinical and subclinical MDD
To examine whether results are true just for clinical levels of MDD, or generalize also to subclinical cases, we also conducted analyses predicting to a larger outcome group including clinical cases of MDD (those who met symptom and severity criteria) and also subclinical cases (individuals with MDD symptoms that did not meet full symptom and severity criteria). Of the 230 participants (173 females, 57 males), 38 (28 females, 10 males) had either a clinical or subclinical episode of MDD over the follow-up period. In an analysis predicting to this larger group of cases, and including the same set of covariates as prior models, the CAR at baseline is still a significant predictor of MDD at follow-up (OR = 2.5, p = .02). In contrast to the model predicting to clinical cases only, however, there are no significant interactions between gender and the CAR. Thus, results appear to generalize to the prediction of subclinical MDD and to be similar for males and females. Fig. 3 depicts the baseline cortisol profiles, separately for males and females, of individuals who develop either clinical or subclinical MDD over the follow-up period (with baseline MDD cases removed). Although the overall diurnal cortisol curves appear lower for males than for females, for both genders, the cortisol awakening responses is more pronounced for youth who go on to develop MDD by follow-up.
Models including just the cortisol variables (no covariates)
Another robustness test involved models that included only the CAR, without the extensive set of health and lifestyle covariates (but excluding individuals with baseline MDD). In this analysis, the CAR is a still a significant predictor of clinical MDD (OR = 2.17, p = .02), and also of the larger outcome group including either clinical or subclinical MDD (OR = 2.0, p = .002) over the follow-up period. Thus, the associations between the CAR and later outcomes are present regardless of the inclusion or exclusion of covariates from the model. In addition, we also examined whether results were robust to removing, rather than covarying, youth who were using psychotropic medications (n = 10). The prospective prediction of MDD from the CAR remains significant regardless of whether psychotropic medication use is included as a covariate, or youth using psychotropic medication are removed from the model altogether.
Finally, with all covariates removed from the model, it is possible to predict to the larger outcome group of clinical and subclinical MDD from the baseline cortisol variables even after removing the 56 individuals with any lifetime history of MDD at baseline (N = 174 cases, including 19 first onsets of clinical or subclinical MDD remain in the sample after removing those with a lifetime history of MDD). With individuals with any history of MDD removed, the CAR is a significant predictor of new onsets of clinical or subclinical MDD by follow-up (OR = 2.22, p = .01).
Associations between life stress, the CAR and MDD
A reasonable hypothesis regarding the interrelations between life stress, the CAR and the later development of MDD is that an elevated CAR may be a biological pathway by which elevations in life stress contribute to the development of MDD. To test this possible meditational model, we examined whether the coefficients for baseline life stress and increases in life stress were affected by the introduction of the CAR and CAR by gender interactions into the model. The odds ratio for baseline life stress prior to the entry of the CAR variables was 3.25 ( p = .05); the odds ratio for increase in life stress was 13.8 ( p = .000). After the introduction of the CAR variables, the odds ratio for baseline life stress was 4.0 ( p = .04); for increase in life stress it was 16.7 ( p = .001). Thus, there is no sign that introduction of the CAR variables reduces the coefficients for life stress, suggesting that life stress (or at least life stress within the past year) and the CAR are independently associated with the development of MDD, rather than the CAR being a meditational pathway by which recent life stress influences the development of MDD.
Discussion
This study supports past research suggesting that morning cortisol levels are important prospective predictors of MDD (Goodyer et al., 2000; Halligan et al., 2007; Harris et al., 2000) . It is however the first study to examine the cortisol awakening response specifically, and thus the first to demonstrate that the size of the CAR (the increase in cortisol after waking) is a significant prospective predictor of MDD. Notably, and somewhat in contrast to the past research, in the current study absolute levels of morning cortisol, such as cortisol levels at waking or cortisol levels 40 min after waking, did not significantly predict the onset of MDD. The past studies, however, measured cortisol levels at a fixed clock time (8 AM), rather than in relation to person-specific waketimes on each day of testing, making it challenging to compare their results with those of the current investigation. Additional research incorporating both an 8 AM clock time measure and CAR measures relative to person-specific waketimes would be helpful in clarifying the discrepancies between the current and prior studies regarding the importance of absolute morning cortisol levels.
Although other indicators of basal cortisol activity, such as elevated average levels, the slope of the diurnal cortisol rhythm, and elevated bedtime cortisol levels have been cross-sectionally related to the presence of current MDD (Dahl et al., 1991) , these indicators were not found to be significant prospective predictors of later MDD. Thus, it appears that the aspects of HPA axis activity that are risk factors for MDD may be different than the HPA axis correlates of a current disorder. This is perhaps not surprising, given that theoretical models of the role of the HPA axis in MDD suggest that stress-related changes in HPA axis neurophysiology may be important in the etiology of this disorder (Ehlert et al., 2001) .
Several strengths of the study increase our confidence in our finding that the size of the CAR is a prospective risk factor for MDD. We utilized a large sample size (N = 230) and gathered multiple morning cortisol samples timed in relation to person-specific wake-times each day over the course of 3 days. We used diagnoses of MDD that were assessed by highly trained clinical interviewers rather than relying on selfreported depressive symptoms. Our results held while covarying the effects of past MDD, other mood disorders, and anxiety disorders, baseline neuroticism, baseline and increases in life stress, negative mood states on the cortisol testing days, and demographic and health-related covariates. Results were also robust to the removal of individuals with baseline MDD, the presence vs. absence of the covariates, and to the prediction of subclinical symptoms as well as clinical cases of MDD.
One disadvantage of our design was the time delay (on average just over 1 month) between the baseline interview and the cortisol sampling. A few individuals may have developed MDD during this time; in such cases, the presence of baseline MDD would not be appropriately covaried. To help account for this possibility, diary reports of negative affect on the exact days of cortisol testing were included as covariates. Although both baseline life events and increases in life events over the full follow-up period are included in the model, it is possible that life events occurring specifically during the time period between the baseline clinical interview and cortisol measurement may have contributed to elevated baseline CARs. However, given that the life events variables and CAR variables appear to be relatively independent in their prediction of later MDD, this seems unlikely to account for the CAR finding. Another limitation, as noted earlier, is that we employed a simplified, two-sample protocol for the assessment of the CAR, rather than a more intensive protocol in which measures are gathered every 10-15 min, or even a moderate intensity CAR protocol in which samples are gathered at 0, 30 and 60 min after waking. Although use of a twosample CAR protocol has become relatively common, particularly in large-scale studies or studies examining cortisol rhythms across the full day rather than just the CAR (Adam and Kumari, 2009; Chida and Steptoe, 2009) , the two-sample protocol is less precise, and did not allow us to measure the area under the curve of the CAR, or to separate the CAR increase from the speed of recovery from the CAR peak. Another disadvantage is that we relied on noninvasive measures of HPA axis function (i.e., daytime diurnal cortisol rhythm) rather than employing pharmacological challenges (such as the dexamethasone suppression test) (Young et al., 2006) that provide more nuanced insights regarding the integrity of central HPA axis function.
In terms of the potential mechanisms for the CAR effect, the post-awakening cortisol increase occurs on top of the already elevated cortisol level at wake-up, such that the CAR often contains the highest cortisol level of the day, as well as cortisol's largest and most rapid increase. Circulating cortisol reaches several types of receptors in the brain. Glucocorticoid receptors (GRs) have a lower affinity for cortisol than mineralcorticoid receptors (MRs), and thus are extensively occupied only at very high cortisol levels, such as those that occur at the CAR peak (de Kloet, 1991) . Perhaps elevated CARs contribute, over time, to changes over time in central GR populations involved in the negative feedback regulation of the HPA axis. As noted earlier, decreased HPA negative feedback efficacy and resulting elevations in peripheral cortisol levels are common correlates of MDD in adults (Thase et al., 2002) . A variety of changes in the amygdala and hippocampus, both of which are rich in GRs, have been noted in MDD, including loss of hippocampal volume that is related both to the severity and length of exposure to MDD disorder (Bremner, 2000; Campbell and Macqueen, 2004) . Given speculation that chronic exposure to high levels of glucocorticoids may play a role in these neurobiological changes associated with MDD, it is of great interest that elevated CAR responses occur prior to, and are predictive of the later emergence of MDD.
In terms of the potential origins of individual differences in the CAR, it has been found that individual differences in the CAR have a substantial genetic component (Wüst et al., 2000) , thus large CARs may in part reflect a genetically driven trait biological risk factor for MDD. However, the fact that there are no associations between the size of the CAR at baseline, and past or present diagnoses of MDD at baseline would argue somewhat against the notion of larger CARs being a stable, trait individual difference associated with MDD. CARs are also influenced by psychosocial experience, with higher CARs predicted by chronic stress (Pruessner et al., 1999; Schulz et al., 1998; Wüst et al., 2000) , low levels of social contact (Stetler and Miller, 2005) , and loneliness Steptoe et al., 2004) . Hence, CARs could also serve as a potential biological pathway by which negative psychosocial experience confers risk for MDD. Our measure of baseline life stress (which assessed life stress over the prior year), and our measure of increase in life stress over the year between baseline and follow-up were both significantly related to MDD at follow-up, as might be expected given extensive past research showing that life events are important prospective risk factors for the development of MDD. However, our analyses did not support the idea that an elevated CAR serves as a meditational pathway linking recent negative life events to later MDD. Rather, our life events measures and baseline CAR measures appeared to be independent predictors of MDD. It is important to note, however, that our life events measures only assessed the time period from 1 year prior to the baseline psychopathology assessment to the time of the follow-up interview, in a sample of older adolescents (on average, 17 years of age). Given that the HPA axis has been shown to be particularly malleable to adverse psychosocial experiences occurring in the first few years of life (Halligan et al., 2004; Weaver et al., 2004) , and may undergo an additional period of plasticity and change during the early adolescent years (Stroud et al., 2009) , it is entirely possible that the individual differences in the CAR we see reflect the influences of earlier experiences, or the interactions between earlier experience and recent life events. One of the few prior prospective studies of cortisol and depression in youth found that exposure to maternal depression in the first year of life accounted for the elevated early morning cortisol levels that were predictive of later MDD (Halligan et al., 2007) . Future prospective studies should also assess the possible contributions of early (prenatal, infant, childhood) and adolescent life experience to individual differences in the CAR, and examine whether elevated CARs mediate associations between prior life events and MDD.
Future studies should also further investigate whether the cortisol awakening response prospectively predicts MDD for both male and female adolescents, given that the current study provided mixed results on that particular question. When predicting to clinical cases of MDD, we found that the CAR was a significant prospective predictor for females, but not males, but as noted earlier, these results should be interpreted with caution due to the very small number of males in the clinical MDD outcome group. When predicting to the larger outcome group including both clinical and subclinical MDD, there were no significant differences between males and females, and a visual inspection of the baseline cortisol profiles of the youth who would go on to develop clinical or subclinical MDD showed an elevated CAR for both males and females, when compared to their male and female peers who did not go on to develop these problems over the follow-up period. To resolve whether the association between baseline CARs and the development of clinical MDD is equally true for males and females, either a larger initial sample size or tracking of clinical MDD onsets over a longer follow-up period will be required.
In considering implications for prevention or intervention, the current results might be taken to indicate that pharmacological approaches to blocking elevated CARs in youth should be investigated. Such an idea, however, should be pursued with caution given that other physical and mental health disorders have been associated with hypocortisolemia, such as externalizing and risk taking behaviors (Shirtcliff et al., 2005) , burnout (Pruessner et al., 1999) and chronic fatigue syndrome (Nater et al., 2007; Roberts et al., 2004) . In addition, we have suggested elsewhere that psychosocial modulation of the CAR on a day-to-day basis is important for responding to anticipated daily demands . Thus, additional research is needed to determine what constitutes a ''healthy'' CAR, including not only what level, but also what degree of variability in the CAR might be necessary for optimal functioning across multiple situations and multiple health conditions. Psychotherapeutic approaches that provide individuals with social and cognitive resources to better contain their affective and physiological responses to stress may also help to maintain CARs at appropriate levels, while still allowing them to be modulated by social demands when required (Gaab et al., 2006) . Descriptively, our results suggest that elevated CARs prospectively predict both new onsets and recurrences of depression over the year follow-up period, thus providing a potentially useful marker of increased proximal risk for major depressive episodes. Additional prospective longitudinal studies of youth are needed, with sample sizes large enough to formally compare results for new onsets versus recurrences of MDD. As noted earlier, in the current study, the CAR provided information regarding risk for depressive episodes that is independent of existing risk factors for MDD, such as gender and levels of chronic and episodic life stress. Future studies with larger sample sizes should also examine the extent to which these factors (gender, life events, and CAR levels) interact in predicting future depressive episodes. In addition, future studies should follow youth for a longer period of time, to examine whether elevated CARs are predictive of MDD only in the near future (over the next year) or whether they predict elevated risk over a longer period of time. Perhaps most importantly, more work is also needed to understand the mechanisms by which elevated CARs confer risk for MDD, and to identify ways in which the potentially negative consequences of elevated CARs may be reduced, while still maintaining the adaptive functions of this important component of HPA axis activity.
